Japanese Circulation Journal Vol.63, February 1999 90%) coronary stenosis. Twenty-nine patients had had a myocardial infarction (17 inferior and/or lateral, 12 anterior and/or septal). Their mean ejection fraction was 54±6% on left ventriculography. Nine patients had undergone percutaneous transluminal coronary angioplasty (PTCA), and 5 had undergone coronary artery bypass grafting (CABG). Four patients had thrombolysis therapy during the acute phase of their myocardial infarction. In the training program, each patient underwent regular medically supervised exercise twice weekly consisting of walking, bicycling, jogging, swimming and sports training (gymnastics, tabletennis, badminton, mini-tennis) for 1.5-h sessions. The exercise was prescribed at individually targeted intensities, 60-85% of the measured maximal heart rate determined during an initial test. The target heart rate was determined using Karvonen's formula (Target heart rate = (Maximal heart rate-resting heart rate) × + resting heart rate). 9 The value ranged from 0.6 to 0.9 in accordance with individual levels of cardiac function. Generally the exercise training was initially performed under ECG monitoring for 3 months and it was suggested that exercise training continue for at least 1 year. Approximately 900-1,000 calories were expended by each patient per week in the training.
The 23 patients who were enrolled in the control group were from 50 to 71 years old (65±8 years, 19 males, 4 females) (study participation, mean 26.0±12.5 months), and their mean bodyweight was 60±9 kg. Nine patients had single-vessel, and 7 patients had double-vessel or triplevessel disease. Sixteen (69.5%) patients had high-grade (>90%) coronary stenosis. Sixteen patients had myocardial infarction (10 inferior and/or lateral, 6 anterior and/or septal). Their mean ejection fraction was 54±6% on left ventriculography. Seven patients had undergone PTCA and 3 CABG. The same test protocol was used as for the training patients. The control patients did not participate in exercise or sports training and did not engage in regular aerobic exercise during the follow-up periods; they otherwise lived a normal home life with low intensity activity.
The period between the time when the onset of CAD was detected and the baseline exercise test with 201 Tl myocardial SPECT was more than 4 months in all patients. There was no significant difference in gender, age, or bodyweight between the 2 groups. The initial test was performed before the patient started the cardiac rehabilitation or immediately after starting the training, and the follow-up test was performed during the exercise training period. The cardiac rehabilitation program started 2 weeks to 6 months after the patient's discharge. No relapse of CAD or exacerbation of symptoms was observed between the 2 tests in any patients. No major drug treatment (including nitrates, Ca ++ antagonist, -blocker, ACE inhibitor and cholesterollowering drugs) was stopped or changed during the study period or just before the study. SPECT study was done without stopping medication. The total cholesterol level was 231±38 mg/dl in the training group, and 240±43 mg/dl in the control group. The LDL-cholesterol level was 140.3± 37.5 mg/dl in the training group and 140.7±35.6 mg/dl in the control group. Because several participants in the 2 groups were being treated with cholesterol-lowering drugs, the lipid values were not assessed in this study. There were no significant differences in the use of prescription drugs between the control and training groups, and there were no notable dietary changes in the follow-up period.
Exercise 201 Tl SPECT
All of the patients performed an exercise test on a treadmill, with a Bruce protocol. 201 Tl (74.0-92.5 MBq) was injected through an antecubital vein at the time of symptomlimited peak exercise (2 mm horizontal down-sloping ST depression on the ECG, and/or severe angina or fatigue), and the patients were instructed to continue the exercise for one more minute at the same work load after the injection of 201 Tl.
Imaging was performed to obtain 32 projection images for 30 s each over 180°from 45°left posterior oblique to 45°right anterior oblique immediately after the exercise, and again 3 h after exercise in the identical projections. A General Electric 400 AC/T model camera equipped with a low-energy general-purpose collimator was used for image and data acquisition. Follow-up studies were carefully performed with the same camera angles and overlays to assure the same camera placement.
Image Analysis
The semi-quantitative analysis of the serial myocardial images was performed according to the method previously described. 10 Each image was divided into 20 segments (anterior, anteroseptal, inferoseptal, interior, inferolateral, high lateral, anteroapical, inferoapical regions) to assess the 201 Tl uptake using a 4-point grading system: 0 = normal; 1 = mildly reduced; 2 = moderately reduced; and 3 = defect (Fig 1) . All of the defect scores were summed for each patient. The evaluation of the follow-up results was also determined by this scoring. Improvement by 2 points or more was regarded as 'improvement', worsening by 2 points or more was regarded as 'worsened', and changes within 2 points were regarded as 'no change'. 11, 12 The 201 Tl myocardial SPECT images were evaluated by 3 nuclear cardiologists with no knowledge of the exercise test proto- col or the patients' histories. Interobserver variance was 98% and 93% at the anterior and inferior wall, respectively, as reported before. 11 Intraobserver variance was 97%, evaluated by 3 examiners.
Statistical Analysis
Student's t test and the Chi-square test were used for the comparisons of the training and control groups. Each value is expressed as the mean ± SD, and a value of p<0.05 was regarded as significant.
Results

Exercise Test
A significant long-term training effect was revealed in the trained patients as assessed by the resting and maximal heart rates, exercise time, and maximum rate-pressure product ( Table 2 ). The resting heart rate in the trained group decreased from 83±9 beats/min to 77±12 beats/min (p<0.05), whereas the resting heart rate in the control group did not change (82±12 to 83±15 beats/min (NS)). The exercise time increased significantly, from 463±81 to 653±73 s (p<0.01) in the trained group, and did not change from 476±128 to 435±117 s in the control group (NS). The peak rate-pressure products in the trained group all increased from 20,131±6,010 to 28,370±5,600 (p<0.01), and showed no change in the control group (20,567±5,112 to 20,964± 7,728) (Fig 2) . The resting double products in the training group showed no change between before and after the intervals (9,605±450 before, and 9,320±520 after the training), and also showed no change in the control group (9,820±820 and 9,992±920). Three patients of the training group had ≥ 2 mm ECG ST depression on the initial and second training follow-up test, as did 2 patients in the control.
Thallium-201 Analysis
Three patients in the training group showed a small myocardial perfusion abnormality in the baseline 201 Tl SPECT study, as did 1 patient in the control group. The 201 Tl stress myocardial perfusion improvement was obtained in 20 of the 35 (57.1%) training group patients, and in 3 of the 23 (13.0%) control group patients. A delayed 201 Tl study was performed in 16 of the 35 (45.7%) trained patients and in 2 of the 23 (8.6%) control patients (p< 0.001) (Fig 3) . The number of abnormal perfusion segments in stress images decreased in the trained group from 231 (33%) to 153 (21.9%) (p<0.01) of 700 segments, and from 158 (34.3%) to 156 (33.9%) of 460 segments in the control group (NS). On the delayed images, the number decreased from 201 (28.7) to 175 (25.0%) segments in the training group (p<0.05), and from 146 (31.7%) to 144 (31.3%) segments in the control (NS) (Fig 4) . A significant improvement of coronary perfusion was observed among the patients who had undergone training for more than 2 years compared to the patients who had trained for less than 2 years during the follow-up period (12/17, 70.6% vs 8/18, 44.4%) (p<0.05). These results were not affected by the number of coronary arteries involved (single/multivessel disease; 4/13: < 2 years, 4/14: ≥ 2 years). However, the results were from the comparison between the 2 different groups in which the background was not completely the same. No significant difference in perfusion improvement was observed among the training group patients with single-vessel, double-vessel and triple-vessel disease. In the training group, no myoeardial infarction, no heart failure or unstable angina were seen in the follow-up period. Three patients had stable angina. One took diuretic medicine 2 days. In the control group, however, 1 had nonsustained ventricular tachycardia attack, 1 had CABG performed because of unstable angina, and 1 was admitted for a few days because of heart failure. Two patients had stable angina in the follow-up period.
Discussion
In our study group, cardiac sports rehabilitation has been conducted in patients with CAD for the past 13 years. The safety of this rehabilitation, as well as its peripheral and psychologic effects, has been reported. 2, 8 Because of difficulties in the evaluation of patients who undergo chronic cardiac rehabilitation compared with sedentary patients, there is almost no relevant systemic data obtained using perfusion scintigraphy with 201 Tl. The present study showed positive data in terms of cardiac rehabilitation as a nonmedication treatment for myocardial perfusion.
Recent research suggests that a definite improvement in exercise performance can be brought about by cardiac rehabilitation using aerobic exercise for patients with chronic CAD. Although exercise training has been shown to improve exercise tolerance and left ventricular function, decrease the rate-pressure products, and improve the ST depression to a submaximal point, [13] [14] [15] the mechanism by which exercise improves ischemia is not clearly understood. Animal studies, however, have demonstrated that chronic exercise can result in improved myocardial function and perfusion. 16, 17 Numerous techniques, including 201 Tl scintigraphy, have been used to assess changes in myocardial perfusion. However, a consensus has not been reached regarding the improvement in perfusion from the perspective of nuclear cardiology. Some studies have investigated the effect of cardiac rehabilitation on myocardial perfusion in CAD patients, but obtained no significant results. [18] [19] [20] An assessment of patients by Froelicher et al 18 with 201 Tl scintigraphy following 3-13 months of exercise indicated a subtle improvement in 6 of the patients, but this was not quantified. In 1990, Nohara et al reported an improvement in myocardial perfusion on 201 Tl early images in 7 of 18 CAD patients (39%) and on the delayed image in 5 of the 18 patients (28%). 8 However, no significant difference from the control group (consisting of a small number of subjects) was demonstrated. Our present study was designed to investigate the effect of long-term exercise training on the myocardial perfusion of CAD patients, and we found that the exercise tolerance in the training group was significantly improved compared with the control group, and an improvement in stress 201 Tl myocardial perfusion was observed in 57.1% of the patients in the training group. Buda et al compared patients' exercise scintigraphy findings 3 weeks after acute myocardial infarction (AMI) to those at 3 months after AMI. 21 They suggested that a central improvement resulted in a spontaneous improvement of myocardial perfusion in some patients. In the present study, the period from the onset of AMI or attack of angina pectoris to the initial 201 Tl examination was more than 4 months in all of the patients. Therefore, there may be a small possibility of spontaneous improvement in these patients. In addition, improvement in myocardial perfusion according to different exercise periods of rehabilitation had not yet been reported. The present study showed a significant improvement in myocardial perfusion in selected patients who had continued the long-term cardiac rehabilitation therapy for more than 2 years, although the patient group was not evaluated serially through these years. The mechanism by which exercise-based rehabilitation improves myocardial perfusion remains unclear. Animal studies demonstrated improvement in left ventricular function and perfusion as well as an increase in the collateral circulatory pathway. 22 In humans, it has not been demonstrated whether or not an increase in the collateral circulatory pathway caused by rehabilitation improves the myocardial blood flow. In other words, it is very difficult to judge whether the improvement in myocardial perfusion after rehabilitation increases the collateral circulatory pathway, or whether the amelioration of the underlying main coronary artery lesions facilitates the collateral circulation. Exercise may also cause ischemia in the regions where the collateral circulatory pathway is responsible for perfusion. Improvement in the main circulation not depending on the collateral circulation and improvement in the degree of stenosis have also been suggested. According to recent studies, the regression of coronary atherosclerosis occurs after physical activity expending 2200 kcal or more per week. 5 It is extremely difficult for a CAD patient to perform this amount of exercise in a physical conditioning program, but this finding of regression cannot be denied. It may be related to the improvement in risk factors such as a cholesterol-lowering effect that is observed in a long rehabilitation period (2 years) and not in a short period. 23 It was reported that cholesterol-lowering treatment improved the flow reserve by endothelium-dependent coronary vasodilation. 24 It was also reported that in the hypertensive heart, suppressed flow reserve may recover after antihypertensive treatment. 25 Thus, exercise may indirectly improve vasodilation and flow reserve through a cholesterol-lowering or anti-hypertensive effect.
In addition, exercise was reported to directly influence the production of nitric oxide, following an improvement in endothelium dysfunction. 26 All of these factors may be responsible for the perfusion improvement brought about by exercise.
It is also unclear why training improved the delayed rest images in the present patients. The delayed images of 14 patients improved: 9 of them had been revascularized, 3 of them had angina pectoris, and 4 had single-vessel disease. There may be some relation between this result and improved left ventricular wall motion, 7 myocardial function, 1 201 Tl uptake and washout 6 due to recovery from repetitive stunning, or improved cholesterol. 22 In addition, improvement of the endothelium-dependent flow of epicardial circulation and micro-circulation would affect the rest image. 27 In the present study, the exercise tolerance of the patients increased significantly after rehabilitation, and other parameters including the heart rate, blood pressure and double products were also improved. Various factors including the period of rehabilitation, exercise intensity, degree of ischemia and risk factors may contribute to the improvement in these parameters. The prolongation of the exercise time and increases in the double products with the improvement in myocardial perfusion suggested an active improvement of the myocardial oxygen supply, which was supported by the 201 Tl SPECT data. We have therefore demonstrated the central adaptation to long-term exercise therapy of the cardiac muscle itself. Ehsani et al reported that relatively short-term moderate-to-high intensity endurance exercise training in older sedentary men can induce cardiac adaptations characterized by a modest volume overload, left ventricular hypertrophy, and improvement of left ventricular systolic function at peak exercise. 28 Our cardiac rehabilitation using moderate intensity exercise proved to be effective even for patients with ischemic heart disease.
Study Limitations
This study was performed over a 5-year period, and several medical facilities participated; thus not all of the original patients (with and without long-term physical training) could be followed up using 201 Tl SPECT. The number of subjects was not large enough, and less than half of the subjects underwent rehabilitation for more than 2 years. The follow-up study was not conducted with 201 Tl perfusion at the same exercise load as that used in the baseline study. There was also no follow-up data regarding dietary and cholesterol changes. All of these limitations should be overcome in future studies.
Conclusions
The effects of long-term exercise cardiac rehabilitation on myocardial perfusion were assessed using thallium-201 SPECT imaging in patients with chronic coronary artery disease. The rehabilitation produced a significant improvement in the exercise tolerance and 201 Tl myocardial perfusion, suggesting that long-term cardiac rehabilitation is an advisable and effective treatment for patients with chronic coronary artery disease.
